Purpose: Lymph node involvement by histopathology informs colorectal cancer prognosis, whereas recurrence in 25% of node-negative patients suggests the presence of occult metastasis. GUCY2C (guanylyl cyclase C) is a marker of colorectal cancer cells that identifies occult nodal metastases associated with recurrence risk. Here, we defined the association of occult tumor burden, quantified by GUCY2C reverse transcriptase-PCR (RT-PCR), with outcomes in colorectal cancer.
Introduction
Regional lymph node metastasis is the single most important prognostic factor in patients with colorectal cancer (1, 2) . Although theoretically rendered cancer free by surgery, patients with nodes devoid of histopathologic evidence of cancer (pN0) suffer recurrence rates of approximately 25% whereas those rates exceed 50% in patients with 4 or more lymph nodes harboring metastases (pN2; refs. 3, 4) . Adjuvant chemotherapy improves disease-free and overall survival in patients with histopathologically evident lymph node metastases, but its role in pN0 patients remains unclear (3, (5) (6) (7) (8) .
Recurrence in a substantial fraction of node-negative colorectal cancer patients suggests the presence of occult metastases in regional lymph nodes that escape standard detection methods (1, 2) . Conversely, patients who are free of lymph node metastases by any detection method may have a better prognosis. Clinically, more accurate assessment of occult metastases would improve risk stratification in a clinically heterogeneous population in which up to 25% of patients "cured" by standard care suffer recurrence. In addition, patients with occult metastases at elevated recurrence risk might benefit from the increasingly effective adjuvant chemotherapy available for colorectal cancer.
The intestinal tumor suppressor GUCY2C (guanylyl cyclase C) is the receptor for the paracrine hormones guanylin and uroguanylin, gene products universally lost early in intestinal neoplasia (9, 10) . Loss of hormone expression silences GUCY2C signaling which contributes to transformation by promoting proliferation, crypt hypertrophy, metabolic remodeling, and genomic instability (10) . Highly selective expression by intestinal epithelial cells normally and universal overexpression by intestinal tumor cells (11) (12) (13) , suggested that GUCY2C might be a specific molecular marker for metastatic colorectal cancer (14) (15) (16) . A recent prospective analysis revealed that pN0 colorectal cancer patients whose nodes were GUCY2C positive by molecular analysis suffered recurrence more frequently than those who had GUCY2C-negative nodes (20% vs. 6%; ref. 17) .
RT-PCR offers a unique opportunity to detect occult tumor cells in lymph nodes (1, 2) . In breast and other cancers, the categorical (yes/no) identification of micrometastases is clinically relevant (18) . However, because of exquisite sensitivity, RT-PCR can detect cancer cells in lymph nodes below the threshold of prognostic risk (3, 17, 19) . Quantitative RT-PCR (qRT-PCR) offers an opportunity to enumerate tumor cells in lymph nodes and by extension, examine the relationship between variable tumor burden and disease risk (19) . In addition, qRT-PCR quantifies tumor cells in entire resection specimens (17) . Thus, qRT-PCR presents a previously unrecognized method to quantify molecular tumor burden across the regional lymph node network, providing an enhancement over current 2-dimensional histopathology estimates of tumor.
The present analysis defines the association between occult tumor burden in lymph nodes, estimated by GUCY2C qRT-PCR, and time to recurrence and diseasefree survival in patients with pN0 colorectal cancer.
Patients and Methods

Study design
This prospective observational trial at 9 centers in the United States and Canada explored the prognostic utility of GUCY2C qRT-PCR in lymph nodes of pN0 colorectal cancer patients (17) . Investigators and clinical personnel were blinded to results of molecular analyses, whereas laboratory personnel and analysts were blinded to patient and clinical information. To have at least 80% power to detect a HR of 1.6 (P 0.05, 2-sided) employing categorical assessment of occult tumor metastases, 225 pN0 patients were required. The study protocol was approved by the Institutional Review Board of each participating hospital. The 291 pN0 patients who met eligibility criteria provided 7,310 lymph nodes (range: 2-159, median 21 lymph nodes per patient) for histopathologic examination, of which 2,774 nodes (range: 1-87, median 8 lymph nodes per patient) were obtained by fresh dissection and eligible for analysis by qRT-PCR. Disease status, obtained in routine follow-up by treating physicians, was provided for all patients through December 31, 2009.
Patients and tissues
Between March 2002 and June 2007, we enrolled 299 stages 0 to II pN0 colorectal cancer patients who provided informed consent in writing prior to surgery at one of 7 academic medical centers and 2 community hospitals in the United States and Canada ( Supplementary Fig. S1 ). Patients were ineligible if they had a previous history of cancer, metachronous extraintestinal cancer, or perioperative mortality associated with primary resection. For all eligible patients, preoperative and perioperative examinations revealed no evidence of metastatic disease. Lymph nodes and, when available, tumor specimens (51%) were dissected from colon and rectum resections and frozen at À80 C within 1 hour to minimize warm ischemia. Half of each resected lymph node was fixed with formalin and embedded in paraffin for histopathologic examination. Lymph node specimens were subjected to molecular analysis if (i) tumor samples, where available, expressed GUCY2C mRNA above background levels in disease-free lymph nodes (>30 copies) and (ii) at least 1 lymph node was provided which yielded RNA of sufficient integrity for analysis (12, 17) . Thus, analysis of the 3,093 lymph nodes available from the 299 pN0 patients revealed 236 nodes from 76 patients yielding RNA of insufficient integrity by b-actin qRT-PCR, excluding 2 patients ( Supplementary  Fig. S1 ). Moreover, GUCY2C expression in tumors was below background levels in 6 patients who were excluded from further analysis (12, 17) .
RNA isolation
RNA was extracted from tissues by a modification of the acid guanidinium thiocyanate-phenol-chloroform extraction method (14, 15) . Briefly, individual tissues were pulverized in 1.0 mL TRI Reagent (Molecular Research Center) with 12 to 14 sterile 2.5 mm zirconium beads in a bead mill (Biospec) for 1 to 2 minutes. Phase separation was done with 0.1 mL bichloropropane, and the aqueous phase reextracted with 0.5 mL chloroform. RNA was precipitated with 50% isopropanol and washed with 70% ethanol. Air-dried RNA was dissolved in water,
Translational Relevance
Although ostensibly rendered tumor-free by surgery, approximately 25% of patients with lymph nodes devoid of colorectal cancer by histopathology (pN0) suffer recurrence, suggesting the presence of occult metastases. GUCY2C (guanylyl cyclase C), an intestinal tumor suppressor universally silenced in neoplasia, is a mechanism-based biomarker for metastatic colorectal cancer cells. Here, we explore the novel hypothesis that occult tumor burden, in which the amount of molecular metastases was estimated by GUCY2C quantitative RT-PCR (qRT-PCR), establishes prognostic risk to accurately stage pN0 patients. We show for the first time that occult tumor burden assessed across the regional lymph node network is a powerful independent prognostic marker of time to recurrence and disease-free survival in pN0 patients. This approach can improve prognostic risk stratification and chemotherapeutic allocation in pN0 patients. More generally, this study reveals a previously unappreciated paradigm to advance cancer staging, clinically translating emerging molecular platforms that complement histopathology, laboratory diagnostic, and imaging modalities. concentration determined by spectrophotometry, and stored at À80 C.
RT-PCR GUCY2C mRNA was quantified by RT-PCR employing an established analytically validated assay (12) . The EZ RT-PCR kit (Applied Biosystems) was employed to amplify GUCY2C mRNA from total RNA in a 50 mL reaction. Optical strip tubes were used for all reactions, which were conducted in an ABI 7000 Sequence Detection System (Applied Biosystems). In addition to the kit components [50 mmol/L Bicine (pH 8. 
Statistical methods
Procedures for reporting statistical methods, including validation procedures for ensuring the accuracy of estimates of HRs and P values, were specifically guided by the REMARK guidelines (20) . Statistical methods for estimating GUCY2C and b-actin mRNA by logistic regression analysis have been described (see Supplementary Information; refs. 17, 21) . The primary clinical endpoint was time to recurrence, measured from the date of surgery to the time of the last follow-up, recurrence event, or death (17, 22) . Disease-free survival, defined as time from surgery to any event regardless of cause, was a secondary outcome (17) . Date of recurrence was established by radiographic studies, laboratory studies, physical examination, and/or histopathology. CIs for raw survival rates were computed by the exact method of Clopper-Pearson (23) .
Recursive partitioning, a tree-branching algorithm that identifies homogeneous cohorts in populations, served as the primary analytic approach for survival outcomes, implemented in the R routine RPART (24) . This algorithm tests, across all possible variables and levels, for the variable which optimally identifies discrete groups within the study population. The process repeats recursively until a stopping criterion, predefined here as the software default of any subgroup with fewer than 20 participants, is achieved (24) .
Cross-validation (10-fold) during model fitting provided model stability and accuracy and avoided over-fitting. This algorithm was applied using quantitative measures of occult tumor burden as variables for risk stratification. Metrics of occult tumor burden by GUCY2C qRT-PCR included median copy number, maximum copy number, median relative (normalized to b-actin) expression, maximum relative expression, total copy number, and total relative expression across lymph nodes, and the total number of GUCY2C-positive lymph nodes quantified as described (see Supplemental Information; refs. 17, 21). Time to recurrence or disease-free survival served as outcomes in these analyses. Categories of low, medium, and high risk for time to recurrence and disease-free survival were defined by amalgamation (25) .
Survival distributions for patients in different risk strata were compared employing the log-rank test. Although Kaplan-Meier plots display censored survival at 36 months, analyses incorporated all events up to the date of last follow-up (26) . Simultaneous prognostic effects of risk categories and additional covariates were estimated employing Cox regression analysis. Established prognostic variables in the Cox model for recurrence included T stage, grade, lymphovascular invasion, receipt of chemotherapy and/or radiotherapy, anatomic location, number of lymph nodes harvested for histopathology (!12, <12), and tumor burden risk status defined from recursive partitioning analysis (5). The multivariable model for each outcome included all of the recognized prognostic measures regardless of significance to establish the additional independent prognostic effect of occult tumor burden. Because selection of optimal cut-points and subsequent Cox modeling is known to yield inflated alpha level testing (27), 5,000 bootstrap samples were utilized to establish adjusted CIs and empirical P values (28) . Although comparable as internal validation techniques, bootstrapping is preferred here to cross-validation reflecting limitations in populations and events due to cohort segmentation inherent in the latter approach (27) . The sensitivity of Cox models employing categorical (yes/no) analysis of occult metastases (17) versus occult tumor burden (how much) were compared by using the Akaike Information Criteria (AIC; ref. 29) . A global test of proportional hazards for each of the Cox models was completed according to Hosmer and Lemeshow (30) . All tests were 2-sided and P < 0.05 was considered statistically significant. All analyses were done with R v 2.9.2, SAS v9.2, and Stata v11.0.
Results
Patient characteristics
The 291 pN0 patients had a mean age of 68 years (26-90 years) at diagnosis and 55% were male (Table 1) . Clinicopathologic features, including depth of tumor penetration (T1/2, T3, and T4), and tumor anatomic location (right, left, and sigmoid colon) were similar to national experience (3) (4) (5) . Patients with colon cancer represented 85.9%, whereas those with rectal tumors comprised 14.1%.
Occult tumor burden and disease recurrence
Clinical outcomes in pN0 colorectal cancer patients were analyzed by recursive partitioning by using metrics of occult tumor burden estimated by GUCY2C qRT-PCR. The median of relative GUCY2C expression across patient nodes was the dominant quantitative variable stratifying risk. Partitioning algorithms also utilized the maximum relative expression across nodes, the number of positive nodes (17) , the median absolute GUCY2C copy number, and the total absolute copy number across nodes to establish risk categories.
On the basis of time to recurrence, GUCY2C qRT-PCR stratified pN0 patients into categories in which 176 (60%) patients exhibited low (Mol Low ), 90 (31%) exhibited intermediate (Mol Int ), and 25 (9%) exhibited high (Mol High ; P < 0.001) risk of disease recurrence (Fig. 1) Fig. 1 ). Subgroup analyses revealed that occult tumor burden conferred a substantially worse time to recurrence among patients with colon cancer (Fig. 2) , AJCC stages I and II disease (Fig. 3) , 3 or more years of follow-up, or optimal collections (!12) of lymph nodes (Supplementary Fig. S2) .
Similarly, based on disease-free survival, GUCY2C qRT-PCR stratified this population in which 162 (56%) were Mol Low , 38 (13%) Mol Int , and 91 (31%) Mol High (P < 0.001; Fig. 1 Fig. 1 ). Like time to recurrence, subgroup analyses suggest that occult tumor burden predicted reduced disease-free survival in patients with colon cancer (Fig. 2) , or disease with different stages (Fig. 3) , duration, or lymph node collections (Supplementary Fig. S2 ).
Occult tumor burden as a prognostic variable
Multivariable analyses employing Cox proportional hazards models (Fig. 4, Supplementary Fig. S3 ) revealed that canonical prognostic clinicopathologic features contributed little as independent markers of recurrence risk in patients with pN0 colorectal cancer. However, occult tumor burden in lymph nodes provided independent prognostic information. The global test of nonproportional hazards for time to recurrence (c 2 , 6.93; 10 df; P ¼ 0.73) and disease-free survival (c 2 , 10.99; 10 df; P ¼ 0.36) indicated that there were no significant departures from the proportional hazards assumptions of these models. Patients who were Mol Int exhibited time to recurrence [adjusted HR 25.52 (11.08-143.18); P ¼ 0.001; Fig. 4 ] and disease-free survival [adjusted HR 9.77 (6.26-87.26); P ¼ 0.001; Supplementary Fig. S3 ) comparable with published results for stage III patients (3, 5) . Patients who were Mol High exhibited time to recurrence [adjusted HR 65.38 (39.01-676.94); P < 0.001; Fig. 4 ] and disease-free survival [adjusted HR 22.97 (21.59-316.16); P < 0.001; Supplementary Fig. S3 ] that approach survival characteristics for patients with stage IV colon cancer (3, 5) . Sensitivity analysis revealed that Cox models employing risk categories for time to recurrence established by occult tumor burden were substantially superior (AIC, 470.2) to those employing categorical (yes/no) analysis of occult metastases (AIC, 561.9). Similarly, Cox models employing risk categories for disease-free survival established by occult tumor burden were considerably preferred (AIC, 625.6) over those employing categorical analysis of occult metastases (AIC, 699.7). Censored values in time to recurrence reflect death from another cancer, a noncancerrelated death, and death because of the cancer treatment, or loss of follow-up of individual patients (22) . Censored patients in disease-free survival reflect loss to follow-up (22) .
Discussion
A widely held tenet of cancer staging is the relationship between regional lymph node metastases and prognostic risk (4, 5) . In colorectal cancer, lymph node metastasis is the single most important prognostic characteristic, representing pathologic evidence of tumor dissemination beyond its primary location. Clinically, approximately 50% of stage III patients will suffer disease recurrence (1, 2, 4, 5, 8) . Because up to 25% of patients with lymph nodes free of tumor involvement also suffer recurrent disease, it is presumed that many such patients harbor occult metastases not identified at the time of primary resection (1, 2) .
Understaging by conventional methods reflects sampling inadequacies inherent in analyzing small volumes of tissue from insufficient lymph node collections (31) , and the insensitivity of histopathology, which reliably detects only 1 cancer cell in 200 normal cells (32) . Molecular staging can overcome these limitations in the detection of occult lymph node metastases by incorporating all available tissue into analyses and increasing detection sensitivity through quantifiable, highly sensitive, and disease-specific molecular markers (1, 9) . (22) . Censored patients in disease-free survival reflect loss to follow-up (22) . For the analysis of time to recurrence, there were only 3 stage I patients stratified as pNo (mol High ). At 6 months, one developed recurrence, one continues to be followed, and one was lost to follow-up.
Previously, we have shown that prospective, categorical (yes/no) detection of GUCY2C expression in regional lymph nodes was an independent prognostic marker of recurrence risk in pN0 colorectal cancer patients (17) . The current results highlight the dramatic enhancement in diagnostic specificity achieved by quantifying molecular tumor burden. When employed as a categorical marker, only 13% of GUCY2C-negative patients were free of occult metastases, but their recurrence risk was low (6%; ref. 17). Although recurrence risk was significantly higher (20%) in the 87% of patients who were GUCY2C positive, most of them did not suffer recurrence (3, 5, 17) . It is apparent that nodal metastases, detected by any method, do not assure recurrence; rather, they indicate risk. For example, not all stage III patients who by definition have detectable lymph node metastases, ultimately develop recurrent disease (3, 5) .
Beyond the categorical presence of metastases, there is an evolving relationship between the quantity of tumor cells in lymph nodes and prognostic risk of recurrence. There is already a well-established correlation between burden of disease, quantified as the number of lymph nodes harboring tumor cells by histopathology and prognostic risk in colorectal cancer patients. Assuming there are adequate numbers of nodes to review, stage III patients with 4 or more involved lymph nodes exhibit a recurrence rate that is approximately 50% to 100% greater than those with 3 or less involved nodes (3, 5) .
In addition to the number of involved lymph nodes, there is an association between the volume of cancer cells in individual nodes, disease burden, and prognostic risk (3, 31) . Although metastatic foci of 0.2 mm or greater are associated with increased disease recurrence, the relationship between individual tumor cells or nests smaller than 0.2 mm and prognostic risk remains undefined (3). The emergence of qRT-PCR provides an unprecedented opportunity for cancer cell enumeration, offering a molecular analogue of the morphologic assessment of metastatic volumes by histopathology. Furthermore, quantifying occult metastases in a large volume of tissue (the entire sample), rather than a thin section, and mapping those metastases across the lymph node network enhances 2-dimensional morphology, providing estimates of molecular tumor burden. Our results suggest that the patients with greater occult tumor burden in lymph nodes, estimated by GUCY2C qRT-PCR, have a greater risk of recurrence compared with patients with less tumor burden. In the setting of a common malignancy such as colorectal cancer, the quantification of occult tumor burden in lymph nodes to estimate prognostic risk has not been explored previously. Furthermore, the relevant qRT-PCR parameters to estimate tumor burden have not been defined. In the absence of prior experience, recursive partitioning (24) was employed to objectively identify, without bias, parameters that define subgroups of prognostic risk in pN0 patients. Recursive partitioning, applied to all patients using measures of tumor burden established by GUCY2C qRT-PCR stratified pN0 patients into a low-risk cohort representing approximately 50% to 60% of the population, with a very low (<5%) incidence of disease recurrence, an intermediate-risk cohort with an incidence of disease recurrence of approximately 33%, and a high-risk cohort with more than 60% incidence of recurrence. Multivariable analyses revealed that molecular tumor burden was a powerful independent prognostic marker of time to recurrence and disease-free survival in the context of well-established prognostic clinicopathologic characteristics.
Colon and rectal cancers were considered together in this analysis because GUCY2C is a molecular marker for metastatic tumor cells of intestinal origin and identifies occult tumor burden in patients with either of these diseases (15, 33, 34) . Colon cancers were analyzed as a separate cohort, whereas rectal cancer patients were a small minority of the total, providing insufficient numbers for recursive partitioning and risk group analysis. It is noteworthy that the treatment of some rectal cancer patients with neoadjuvant chemoradiotherapy (3, 5, 6) would bias the analysis against the working hypothesis. Indeed, this treatment could produce false negative results, reflecting the absence of adequate lymph node collections for analysis or eradication of occult tumor cells in lymph nodes. However, even in the context of this potential negative bias, the analysis of the full cohort revealed a strong correlation between occult tumor burden and prognostic risk. These results argue for a separate analysis of an adequate population of rectal cancer patients to confirm the utility of occult tumor burden to stratify prognostic risk in these patients.
Tumor burden assessed by GUCY2C qRT-PCR compares favorably with recent gene expression-based efforts to predict colorectal cancer recurrence. Quantification of expression of a 12-gene panel in tumors (Oncotype DX ColonCancer; Genomics Health) stratified 711 stage II (pN0) colon cancer patients into categories in which 40% of patients exhibited a minimum 12% risk, 26% had a maximum 22% risk, whereas 34% had a risk intermediate between that minimum and maximum, at 36 months (35) . Superior specificity, where approximately 60% of pN0 patients exhibit near-zero risk of recurrence, coupled with a greater demonstrable range of recurrence risk, in the context of a single molecular marker, suggests that quantifying molecular tumor burden by GUCY2C qRT-PCR may offer a diagnostic approach with performance characteristics not previously achieved.
The presence of tumor cells in regional lymph nodes also directs therapy in patients with colon cancer. Although adjuvant chemotherapy provides a survival benefit to patients with stage III disease, its utility in patients with pN0 colon cancer remains uncertain, with marginal survival benefits in stage II patients in some, but not all, clinical trials (3, (5) (6) (7) (8) 36 ). This uncertainty of treatment benefit is shown in the evolution of treatment guidelines, in which adjuvant therapy has become discretionary in stage II patients with clinicopathologic features of poor prognostic risk, including T4 stage, intestinal obstruction, and intestinal perforation (8, 36) . Heterogeneous responses to therapy in pN0 patients may reflect, in part, the variable presence of occult metastases. Moreover, standard of care includes adjuvant chemotherapy for stage III patients. It is tempting to speculate that Mol Int and Mol High patients, with survival characteristics approximating stage III and IV colon cancers, respectively, might derive benefit from adjuvant therapy. These considerations highlight the importance of advancing beyond the present study to refine the predictive utility of quantifying molecular tumor burden by GUCY2C qRT-PCR. Molecular assessments such as GUCY2C analysis could better inform the use of adjuvant chemotherapy in pN0 patients.
In summary, GUCYC2C qRT-PCR analysis of resected lymph nodes in pN0 colorectal cancer patients revealed 3 discrete strata of recurrence risk ranging from less than 5% to greater than 60%. These results show, for the first time, the impact of quantitative occult tumor burden estimates on clinical prognosis. They underscore the importance of continuing to validate this novel approach by establishing threshold tumor burden values that can be broadly applied to risk estimation in colorectal cancer patients. Also, they highlight the significance of quantifying the number of lymph nodes required for optimal molecular tumor burden assessment. This molecular approach to occult tumor burden assessment provides a unique opportunity to define the constellation of tumor (microsatellite instability, mutations, methylation, and chromosomal instability) and lymph node parameters that optimally estimate prognostic risk of individual patients (37) . Moreover, it establishes the importance of defining the contribution of these molecular approaches to therapeutic decision making for node-negative colorectal cancer patients.
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